S u m m a r y . We have isolated 150 benomyl resistant mutants of the fission yeast Schizosaccharomyces pombe.
Seven of these mutants were found to be cold sensitive for mitosis. These mutants were the subject of physiological, cytological and genetical characterisation. Growth and division of the seven mutants were similar to the wild type strain at 35 °C. After shift from the permissive (35 °C) to the restrictive temperature (20 °C) the mutants became blocked in mitosis whilst cellular growth continued. Consequently, elongate cells were formed. Six of the seven benomyl resistant mutants became blocked in mitosis at 20 °C with a single aberrant nucleus. In every case the benomyl resistant and cold sensitive phenotype was due to a mutation in a single nuclear gene. These mutants were found to comprise a single genetic linkage group (ben4) and were unlinked to existing TBZ/MBC resistant mutants of S. pombe. Whilst no cross resistance was found in our mutants to TBZ, six of the seven mutants were super sensitive to the spindle poison CIPC. We believe that the phenotype exhibited by these mutants is consistent with a defective tubulin subunit.
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I n t r o d u c t i o n
In recent years a genetical approach has been successfully used to examine the control and ordering of events in t h e eukaryotic and prokaryotic cell cycles (Nurse 1981; Simchen 1978) . Mutants conditionally blocked at specifOffprint requests to: D. Roy ic points in the cell division cycle have been isolated, usually as temperature sensitive lethals. In such mutants cell cycle progress and division are blocked but growth may continue after shift from permissive to restrictive temperature.
Collections of temperature sensitive mutants defective in genes responsible for controlling the cell division cycle have been isolated from a number of microbial eukaryotes, most notably Aspergillus nidulans (Morris 1980) , and the yeasts Saecharomyces cerevisiae (Hartwell 1978) and Schizosaccharomyces pombe (Nurse et al. 1976) . A number of such mutants are also available in Chlamydomonas reinhardii (Howell 1974) , Paramecium tetraaurelia (Peterson and Berger 1976) and Tetrahymena pyriformis (Frankel et al. 1976 ).
Most of these mutants have been isolated as heat sensitive lethals. However the isolation of cold-sensitive mutants (Moir et al. 1978; Toda et al. 1981) should be useful in a number of ways. For instance, the construction of double mutants carrying temperature sensitive and cold sensitive cdc mutations can be used for the precise ordering of cell cycle events (Jarvik and Botstein 1973) . Also, cold sensitive mutations are useful for studying self assembly events such as microtubule formation. Indeed, microtubule assembly from tubulin subunits has already been shown to be a cold sensitive process in vitro and in vivo (Weisenberg 1972; Inou6 and Sato 1967; Roth 1967) .
Several of the benzimidazole carbamate drugs are known to inhibit mitosis in fungi (Quinlan et al. 1980; Fantes 1982; Walker 1982) . It has been shown that in benomyl resistant strains of Aspergillus nidulans resistance can be attributed to an altered 3-tubulin subunit (Sheir-Neiss et al. 1978) . In the light of such results we have undertaken the isolation of benomyl resistant mutants of the fission yeast S. pombe. In this way it was likely that a proportion of benomyl resistant mutants 0172-8083/82/0006/0195/$ 01.40 selected would contain an altered tubuhn subunit by analogy with the ben A mutants of A. nidulans (Morris 1980) . In turn, a number of such mutants might be expected to exhibit a cold sensitive nuclear division defect.
We report here on the successful isolation and preliminary characterization of mutants of this sort.
Materials and Methods
Strains and Genetic Analysis. Standard genetical procedures as described by Gutz et al. (1974) were used throughout. All mutants were isolated from a wild type strain 972 with h-mating type as originally described by Leupold (1950) . This strain was also used as a wild type control in physiological experiments. The wild type strain 975 with h + mating type was used only for genetical analyses.
Stable diploid strains for dominance tests were constructed using the mating type allele mat2.102 (meil.102) as described by Egel (1973) . Haploid strains were constructed carrying the alleles to be tested in either a ade6.704h-or a ura5.294 mat2.102 genetic background. Strains carrying these complementary markers were mated and the mating mixture streaked onto minimal medium and incubated at 35 °C, thus selecting for prototrophic stable diploids.
The TBZ/MBC resistant strains JY16, 30 and 25, carrying representative alleles of the genes ben1, 2 and 3 respectively (Yamamoto 1980) were kindly supplied by M. Yamamoto. The relative levels of resistance to benomyl (or its active ingredient, MBC) and TBZ described by Yamamoto (1980) were confirmed in our study. However the absolute resistance levels of wild-type and mutant strains were somewhat different: compare our Table  2 with Table 1 in Yamamoto (1980) . The differences may be due to a combination of three factors. The benl, 2 and 3 mutant alleles supplied by Dr. Yamamoto were not described in his original report; trace impurities in the drugs used may have had a significant effect; and our growth tests were routinely done on minimal medium, while Yamamoto (1980) used complex medium, YPD. We found the ben2 and ben3 mutant strains to show greater resistance to TBZ when grown on YPD than EMM. In particular it was much easier to distinguish ben2 or ben3 strains from ben + if YPD with TBZ included at 50 #g/ml was used. Therefore the segregants of crosses between ben4 and ben2 or ben3 were tested for TBZ resistance on YPD.
Media and Growth Conditions. All work involving temperature shifts was carried out in Edinburgh Minimal Medium (EMM2; Mitchinson 1970) as modified by Nurse (1975) . 2% agar was included for solid media. For the selection of benomyl resistant mutants solid EMM2 containing 30 gg/ml of benomyl (methyl 1-(butylcarbamoyl)-benzimidazole-2-yl-carbamate), a gift from Du Pont de Nemours & Co. was used. The drug was maintained as a 5 mg/ml stock solution in analytical grade ethanol.
CuRures were grown at 35 °C and 20 °C in flasks in shaking water baths. Temperature shifts were carried out by transferring a paxt of the culture from 35 °C to 20 °C.
The drugs TBZ (Thiabendazole, a gift, Merck, Sharp and Dohme Ltd.) and CIPC (Isopropyl N-(3-chlorophenyl) carbamate; Sigma) were also maintained as 5 mg/ml stock solutions in ethanol and were added to the media prior to autoclaving.
In certain crosses the segregation of TBZ resistance was determined after growth of progeny on complex YPD plus TBZ (50 /~g/ml). YPD, as used by Yamamoto (1980) was Yeast Extract 1%; Peptone 2%; Glucose 2%, Agar 1.6%.
Estimation of Cell Number and Optical Density. Optical density, related to culture dry mass content in S. pombe (Mitchison 1970) , was estimated by measuring absorbance at 595 nm in a Pye Unicam SP 600 Spectrophotometer. Cell number was estimated by electronically counting a culture sample in a Coulter counter, model D with a 100 #m orifice.
Cytology. Samples for light microscopy were filtered, heat fixed, extracted in HC1 and stained with Giemsa (Lamb) according to the procedure of Nurse et al. (1976) . Nuclei were examined and photographed using a x 63 planapochromatic oilimmersion objective on a Zeiss photomicroscope. Shrinkage in S. pombe cell length due to this fixation procedure is approximately 14% (W. Haddow; personal communication).
Results
Isolation of Benomyl Resistant CoM Sensitipe Mutants
Lawns of wild type 972h-cells (2-3 x 106 cells per plate), from 5 clonal isolates, were spread on EMM2 plates containing 30 /~g/ml of benomyl. These plates were then irradiated with U.V. light at a dose sufficient to cause 40% death.
150 benomyl resistant colonies were picked off the mutagenised plates after three days incubation at 35 °C. No benomyl resistant colonies were found on a control (non4rradiated) plate thus demonstrating the independent origin of the benomyl resistant mutants. The selected colonies were purified from background growth by further incubation on benomyl containing media at 35 °C.
The colonies were screened for cold sensitivity by examination of bulk growth after incubation on minimal medium for 2-3 days at 20 °C. Mutants thought likely to carry a cell cycle mutation were identified by cell elongation. The rationale for this, originally used by Nurse et al. (1976) is that cellular growth continues during a division block (Mitchison and Creanor 1971; Fantes 1982) . Approximately 25% of the 150 benomyl resistant mutants selected showed some degree of cellular elongation at 20 °C compared to the wild type. On the basis of good elongation, seven mutants (A22, C10, C29, D2, D3, D 19 and D23) were selected for further analysis.
Genetic Analysis
It was likely that the benomyl resistant and cold sensitive phenotypes observed in the mutants were the result of a single mutation in each case. Alternatively two or more separate mutations might have been involved to give this pleiotropic phenotype. To test this possibility the mutants were backcrossed to the wild type strain 975h +. The asci were dissected and the resulting segregant colonies tested for growth and elongation on EMM2 containing benomyl at 35 °C and EMM2 alone at 20 °C.
For the mutants C10, D2 and D3 backcrossed in this way the resulting tetrads showed co-segregation of benomyl resistance with cold sensitivity in a 2:2 mutant :wild type fashion, characteristic of a mutation in a single nuclear gene. At least 30 complete tetrads (4 viable spores) from each strain were analysed. It became apparent during backcrossing mutants A22, C29, D19 and D23 to the wild-type 975h + that in each case a modifier mutation was segregating which affected both the benomyl resistant and cold sensitive phenotypes. Half the benomyl resistant, cold-sensitive segregants (Type I) showed a higher degree of drug resistance and cellular elongation at 20 °C than the rest (Type II). The original isolated mutants resembled Type II rather than Type I strains. Thus a tetratype tetrad from a typical cross between A22 and 975h + contained 2 apparent wild-types: 1 Type I: 1 Type II, the two apparent wild-types being phenotypically indistinguishable. Type I progeny derived from each of the original isolates were backcrossed to wild-type strains of appropriate mating-type (at least 20 complete tetrads for each original isolate). Regular 2:2 Type I: wild-type segregations were always observed, irrespective of the mating type combination. In contrast, crosses between Type II segregants and wild-types showed segregation of Type I strains, in addition to wild-types and Type II progeny. These results show that the modifier mutation had in each case arisen during the isolation of the benomyl resistant mutant, and was not harboured unexpressed in either wild-type stock. In all further work modi. fier-free Type I segregants derived from A22, C29, D19 and D23 were used, rather than the original isolates. These modifier-free isolates behaved genetically in the same way as strains C10, D2 and D3, which were originally isolated as free of modifier genes.
Intercrosses between the modifier-free mutants were also analysed. C10 was crossed to the other six benomyl resistant mutants, and progeny tested for benomyl resistance and cold sensitivity. For each intercross combination involving C10, 10-20 complete tetrads were analysed. No wild type (recombinant) segregants were found from any intercross involving C10, and this was also true for other intercrosses involving the remaining benomyl resistant mutants. This indicates very close linkage and very probably that the mutations are in a single genetic locus, designated ben4.
Reversion analysis was used to support the evidence from backcrossing that the benomyl resistant and cold sensitive phenotypes were the result of a mutation in a single gene. Of 32 spontaneous revertants from strain D3 that were able to form colonies at 20 °C (albeit with different growth rates) all were more sensitive to benomyl at 35 °C than the parental strain. Indeed, 4 of these revertants were indistinguishable from wild type cells as judged by cell length and growth at 20 °C and sensitivity to benomyl at 35 °C.
Dominance
The dominance relationships of some mutant alleles for the benomyl resistance and cold sensitivity phenotypes were investigated in diploid strains.
Testing the benomyl resistance of diploids was complicated by the increased sensitivity of wild.type diploids compared with wild-type haploids. Wild-type diploids were completely inhibited by 20/ag/ml and showed considerable sensitivity to 10/ag/ml of the drug, while the wild-type haploid was unaffected by 10 /~g/ml, and completely inhibited only at 30/ag/ml. The reasons for this are not clear. We therefore compared the benomyl resistance of diploids heterozygous at the ben4 locus with the corresponding homozygotes. Diploids homozygous for ben4.D19 or ben4.D23 were able to form small colonies in the presence of 20 #g/ml benomyl after 3 days incubation at 35 °C, and rather larger colonies at 10/ag/ml. The heterozygous diploids ben4/ben + showed a similar growth response, showing that the mutant alleles are dominant for benomyl resistance. In the case of ben4.ClO, the homozygous mutant showed considerable growth in the presence of 20 gg/ml benomyl, while the heterozygote ben4.C 1 O/ben + was inhibited at this concentration, though it grew better than the wild-type diploid at 10 gg/ml. The mutant allele is therefore semidominant for benomyl resistance.
Mutants ben4.D19 and ben4.D23, which show a strong cold-sensitive phenotype, were tested for dominance in homozygous and heterozygous diploids. The mutant homozygotes were unable to form colonies from single cell inocula at 20 °C. The heterozygotes ben4/ben + did form colonies, though these were smaller than wildtype diploid colonies under the same conditions. In addition, the heterozygotes, when grown at 20 °C, formed cells intermediate in length between the wild-type diploid and the homozygous mutant diploids. These latter formed very elongated cells. The mutant alleles were therefore semidominant for cold-sensitivity.
Linkage Tests
Tetrad analysis showed that free recombination occurred between ben4 and the following cdc genes controlling steps before or in mitosis: cdcl, 2, 6, 13, 25, 27 and 28 (Nurse et al. 1976; Nasmyth and Nurse 1981; Fantes 1979) . Free recombination also occurred between ben4 mutants and the mitotic control mutant weel.6 (Thurianx et al. 1978) .
We tested the linkage relationships between our benomyl resistant mutants and the mutants (benl, 2 and 3) isolated by Yamamoto (1980) as resistant to thiabendazole (TBZ). Mutants ben4.ClO and ben4.D3 were crossed to representative alleles of ben 1, 2 and 3. The Table 1 . Growth and division of ben4 mutants at 35 and 20 °C. Cultures growing exponentially at 35 °C were shifted to 20 °C. Samples were taken at intervals to determine cell number/ml, culture turbidity and mean cell length. The parameters shown in the Table were estimated from the primary data: see Fig. 1 medium continuing at 50/ag/ml of the drug (Yamamoto 1980 ; our unpublished results). The ben4 mutants, when grown on YPD, are sensitive to this concentration of TBZ (data not shown). All four possible progeny types were observed: the two parental types; wild-types showing normal sensitivity to benomyl and TBZ; and a double mutant class resistant to benomyl (30/~g/ml in EMM) and TBZ (50/~g/ml in YPD) at 35 °C, while exhibiting cold sensitivity at 20 °C. The presence of recombinant types among the progeny indicate that benl and ben4 are not closely linked (9 tetratype asci (TT): 1 parental ditype (PD): 1 non-parental ditype (NPD)). In crosses between ben4 and either ben2 or ben3 strains, wild-type progeny segregated, identified by their sensitivity to benomyl (on EMM) and TBZ (on YPD), thus demonstrating a lack of close linkage between the genes (ben4 x ben2 gave 7 TT: 0 PD: 0 NPD; ben4 x ben3 gave 7 TT: 0 PD: 2 NPD). In these crosses, the low level of resistance to TBZ conferred by ben2 and ben3 (Yamamoto 1980 ; our unpublished results) made it difficult to unambiguously distinguish between ben4 ben2 and ben4 ben2 + types, and between ben4 ben3 and ben4 ben3 + types. The presence of double mutants was sometimes inferred from the other spore colonies from the same tetrad. These crosses show that the ben4 locus is not closely linked to benl, 2 or 3.
Physiological Characterisation
In order to characterise further the physiological effect of cold-sensitive ben4 mutations, cultures of wild-type and ben4.D3 cells were monitored during growth at 35 °C and after shift to 20 °C.
Growth and division of the benomyl resistant mutants at 35 °C were essentially normal though the generation times were rather longer than that of the wild-type (Table 1) . However the behaviour of wild-type and mutant strains was very different after shift to 20 °C ( Figs.  1 and 2 ). In the wild-type (Fig. 1) , the rate of mass increase fell to a lower rate characteristic of the lower temperature shortly after the shift. The percentage of binucleate cells fell to zero for a period between 1 and 11/2 h after shift. There followed a rapid increase in the fraction of binucleate cells, which remained high for about 3 h. Thereafter the fraction of binucleates fell and showed no great variation. This behaviour was reminiscent of that shown by wild-type cells after other temperature shifts (Nurse et al. t976 ). The first effect of the shift was to inhibit mitosis transiently, and this was followed by a short plateau in cell number between 21/2 and 31/2 h after shift. The partially synchronous burst of mitosis was followed by a period of relatively rapid cell division. Mean cell length rose for a time after the shift, corresponding to a period when culture bulk growth was increasing faster than cell number. Cell length then fell sharply during the rapid rise in number, reflecting division running ahead of growth. Despite these fluctuations the overall rates of cell number and total mass increase were comparable. Several major differences were apparent following a shift down of ben4.D3 cells (Fig. 2) . The percentage of binucleate cells fell to zero within one hour, and remained below 2% for at least 8 h after shift. After a small increase in cell number, cell division ceased and a plateau in cell number ensued which lasted several hours. This behaviour was in complete contrast to that of wildtype cells: no synchronous wave of mitosis nor subsequent rise in ceil number was observed. Mean cell length increased throughout the experiment, consistent with the observed increase in culture mass while cell division was blocked (Fig. 2) .
These results, taken together, indicated that ben4.D3 showed a cold sensitive defect in cell cycle progress, though not in growth. The accumulation of cells at the uninucleate stage was consistent with the cycle defect preventing mitosis. This was supported by the transition point of the mutant at 0.78 in the cycle, calculated from the fraction of cells exhibiting residual division after shift, which is consistent with the time of mitosis itself in the wild-type. Most of the other ben4 mutants tested showed very similar patterns of growth and division to ben4.D3 (Table 1 ). The only exception was ben4.C10 which showed a much less pronounced block in mitosis and cell division (Table 1 ). This mutant was retained largely for genetic analysis, since it crossed more readily than the other mutants.
Drug Resistance
The benomyl resistant mutants were tested for cross resistance to the microtubule agents TBZ and CIPC. Growth of mutant and wild type strains was tested on solid EMM2 containing various concentrations of TBZ, CIPC or benomyl at 35 °C. Growth was scored on a semiquantitative basis and the results are presented in Table  2 . Growth of wild type cells was inhibited by a concentration of benomyl of 30/ag/ml whereas the benomyl resistant mutants were able to grow on the maximum concentration tested of 100/~g/ml. A concentration of TBZ of at least 60 /~g/ml was necessary to inhibit wild type growth. The mutant C 10 showed a very slightly increased resistance to TBZ. This was in contrast to the remaining six benomyl resistant mutants which were slightly more sensitive to TBZ than the wild type. Wild type and C10 cells grown on CIPC were inhibited completely by 100/~g/ml of the drug, though showing substantial growth at 60/~g/ml. Interestingly, the other benomyl resistant mutants were more sensitive to CIPC, growth being completely inhibited by 60/~g/ml.
Cytological Observations
Samples of cultures incubated at 35 and 20 °C were taken for light microscope examination. The normal interphase nucleus of S. pombe is visualised as a crescent Table 2 . Growth of ben4 strains in the presence of microtubule agents. Growth of the strains was tested on solid minimal medium containing the inhibitors at the concentrations shown (#g/ml). Cultures were incubated at 35 °C and growth scored after 3 days, on a scale from 0 (no growth) to +++ (maximal) Fig. 3a ). Giemsa stained preparations reveal the nucleolus as reddish-purple, and the chromatin as bluish-purple under the conditions used, allowing the two components to be distinguished. Cells and nuclei of ben4 grown at 35 °C appeared very similar to wild-types grown at 35 or 20 °C. The nuclear morphology of the ben4 mutants (except ben4.ClO, which showed an incomplete cell cycle arrest) after growth at 20 °C was very different (Fig. 3b) . Strain D3 was grown at 35 °C, shifted to 20 °C for 12 h, and the cells were Giemsa stained. The nucleus was substantially elongated, with the nucleolus near one end and the chromatin strung out along the length of the nucleus (Fig. 3b) .
Discussion
This sudy shows that in S. pombe single mutations in the ben4 locus may simultaneously confer benomyl resistance and a cold sensitive phenotye. The defect prevents the completion of mitosis and may be within the mitotic machinery itself, as shown by the behaviour of cells following shift to the restrictive temperature, in particular the aberrant nuclear morphology. Our selection scheme was designed to obtain mutants with the dual benomyl resistant and cold-sensitive pbenotype, so many strains exhibiting only the former were discarded.
One mutant retained, C10, showed a much weaker cold sensitive phenotype than the other six analysed, although the degree of benomyl resistance was very similar for all seven mutants. It is therefore likely that ben4 mutants not simultaneously cold-sensitive for mitosis could be obtained. However the observation that mutants with both phenotypes can be obtained leads us to suggest that the ben4 gene may code for j3-tubulin. In support of this proposal we offer the following lines of evidence:
(1) Genetical analysis shows that both benomyl resistance and cold sensitivity for mitosis are due to a single mutation in each case. The observed phenotype suggests that the ben4 function is modified rather than lost in our mutants. This is supported by the dominance or semidominance of ben4 mutations over ben + in diploids heterozygous at the ben4 locus. The range of possible candidates for the ben4 gene product is limited to proteins which interact, directly or indirectly, with the antimicrotubule agent benomyl, and which are concerned with the process of mitosis. (2) Six of the seven mutants examined show increased sensitivity to another known microtubule agent, CIPC. This again implicates a tubulin or related component of the mitotic machinery. (3) There is a striking similarity between the behaviour of ben4 mutants and certain mutants of the related ascomycetes Aspergillus nidulans and Saceharomyces eerevisiae. In A. nidulans some benomyl resistant mutants mapping at the benA locus are also heat sensitive for mitosis (Oakley 1981 Among other mutants of S. pombe defective in mitosis, none of the cold-sensitive mutants described by Toda and co-workers (1981) show elongated nuclei. Nor have heat-sensitive mutants of mitosis been described which show both an elongated nucleus and a terminally positioned nucleolus. However the former characteristic has been reported for cdcl.7 (King and Hyams 1982) and the latter for strain ED22 (Nurse et al. 1976 ) and perhaps for cde25.22 (derived from ED22; Fantes 1979) and other cdc25 mutants (King and Hyams 1982) . Further cytological studies with cold-sensitive ben4 mutants should prove informative about the molecular basis of mitosis, and identification of the ben4 gene product will assist in this.
